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We report the first observation of Hong-Ou-Mandel (HOM) interference of highly indistinguishable photon
pairs with spatial resolution. Direct imaging of two-photon coalescence with an intensified sCMOS camera
system clearly reveals spatially separated photons appearing pairwise within one of the two modes. With
the use of the camera system we quantified the number of pairs and recovered the full HOM dip yielding
96.3% interference visibility, as well as retrieved the number of coalesced pairs. We retrieved the spatial mode
structure of both interfering photons by performing a proof-of-principle demonstration of a new, low noise high
resolution coincidence imaging scheme. c© 2015 Optical Society of America
OCIS codes: (030.5260) Photon counting; (040.1490) Cameras; (270.5570) Quantum detectors;
(270.0270) Quantum optics.
Recent advances in single-photon-sensitive cameras
such as electron multiplying and intensified charged cou-
pled devices (EMCCD and ICCD) have substantially
stimulated the exploration of light behavior at the low in-
tensity levels. In particular, camera systems proved suit-
able for the observation of the entanglement between
the position and the momentum known as Einstein-
Podolsky-Rosen correlations [1,2] or between optical an-
gular momentum modes [3] as well as for investigation of
the spatial correlations in spontaneous parametric down-
conversion (SPDC) [4–6]. They also have been success-
fully used to demonstrate a variety of intriguing quan-
tum enhanced techniques including ghost imaging [7],
quantum imaging of object with undetected photons [8]
and sub-shot noise imaging [9]. Nevertheless a vast ma-
jority of the aforementioned experiments still typically
operated in the regime of several to hundreds of pho-
tons per camera frame. Experiments with truly single
pairs of photons have been virtually out of the grasp of
the cameras due to their slow frame rate and high noise,
therefore the pioneer works dating back to more than
a decade ago [5, 10] have not lived to see their direct
followers.
In this Letter we extend the possible applications of
the camera systems to the observation of the single pairs
of photons by the successful recording of two-photon
Hong-Ou-Mandel (HOM) interference [11]. This promi-
nent quantum optical effect has been studied so far only
using area-integrating detectors [12]. Utilizing a novel in-
tensified sCMOS camera system, sketched in Fig. 1(a),
we are able to image effectively, shot-by-shot, the pho-
ton coalescence effect with high spatial resolution. We
also quantify the number of two-photon events using
natural photon-number-resolving capability of our sys-
tem and demonstrate full recovery of HOM dip yielding
the visibility in perfect agreement with an independent
measurement performed by the standard avalanche pho-
todiodes coincidence setup. Moreover, the spatial infor-
mation about two-photon detections of mutually herald-
ing photons directly allow us to retrieve both single-
photon transversal modes. It is an extension of hitherto
reported coincidence imaging schemes [13], which rely
on triggering the camera by means of a bucket detector
and due to electronic signal delays require cumbersome
optical delay lines. In these schemes also the spatial in-
formation delivered by the trigger photon is irrevocably
lost.
However, some applications such as quantum-
enhanced super-resolution imaging [14] critically rely on
the full spatial information about each detected photon.
Possible implementations of this idea have been based on
scanning systems with single-pixel detectors [15] or fiber
arrays reaching a dozen of pixels [16]. Here we demon-
strate an alternative approach based on a single-device
system where we can detect multi-photon events with di-
rect access to the position of each individual photon. The
excellent signal-to-noise ratio of our detection system,
which is a prerequisite for high visibility measurement
of spatial interference patterns [14], has been confirmed
by the high visibility of reconstructed HOM dip.
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Figure 1. (a) Scheme of the intensified sCMOS camera
detection system. (b) Single photon detection seen as
bright phosphore flashes are localized with a subpixel
resolution using the real-time processing software algo-
rithm. We preselect events where at least two photons
are detected.
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Figure 2. Experimental setup for generation and spa-
tially resolved detection of highly indistinguishable pho-
ton pairs. (a) Photon pair source based on SPDC in type-
II PPKTP crystal, followed by the optical delay line. (b)
Standard avalanche photodiodes coincidence setup. (c)
Calcite beam displacer imaged onto the front surface of
the camera detection system described in Fig.1(a). HWP,
QWP – half- and quarter-wave plates, PBS – polarizing
beam splitter, MMF – multimode fiber, DM – dichroic
mirror. See text for further details.
We observe the photons on the single-photon-sensitive
intensified sCMOS camera system assembled from com-
mercially available components the scheme of which is
shown in Fig. 1(a). The photons illuminate directly the
image intensifier of a quantum efficiency of 23%. Inside
the intensifier each photon that induces a photoelectron
emission produces a macroscopic charge avalanche re-
sulting in a bright flash at the output phosphor screen
which is imaged with a high numerical aperture relay
lens on the fast, low-noise sCMOS sensor. The flashes de-
tected at the sCMOS as 25-pixel Gaussian spots can be
easily discriminated from the low-noise background. Re-
markably, in our setup the number of thermally induced
events was negligible and thus virtually all of the regis-
tered events could be associated with incoming photons.
Their central positions xi, yi are retrieved from each cap-
tured frame with a subpixel resolution by a real-time
software algorithm, as exemplified in Fig. 1(b). In the
experiment we restrain the data flow by preselecting the
two-photon detection events, although it can be readily
extended to the multi-photon imaging regime, as exem-
plified in [17].
The majority of detected two-photon events originate
from single photon pairs, however they cannot be distin-
guished from those generated by two photons from two
independent pairs. The latter, accidental coincidences
decrease the registered visibility of two-photon interfer-
ence and thus have to be suppressed. Since their num-
ber scales quadratically with the gating time, we could
trade off their contribution with pair detection proba-
bility which scales up linearly. We empirically found the
suitable gating time of 40 ns, which, as we show further,
satisfies the aforementioned conditions.
In our experimental setup depicted in Fig. 2, we utilize
the source of photon pairs based on the type-II SPDC
process realized in a 5-mm long periodically poled KTP
(PPKTP) crystal which is pumped by 8 mW of 400 nm
continuous wave diode laser, as presented in Fig. 2(a).
To ensure high visibility of the two-photon interference,
we erase any residual distinguishability of photons inside
each pair with respect to the spectral, temporal and spa-
tial degree of freedom, which is consecutively realized by
a narrowband 3-nm FWHM interference filter (IF), an
optical delay line and a single mode fiber (SMF). The
photons are either directed to the standard avalanche
photodiode (APD) coincidence setup, shown in Fig. 1(b),
or separated by means of the 30-mm long calcite beam
displacer whose rear surface is imaged onto the cam-
era detector as seen in Fig. 1(c). Using the APD config-
uration we detect approximately 11,000 pairs/s, which
results in a coincidence to single counts ratio of 15%.
The single-mode fiber followed by the calcite crystal de-
fines two orthogonally polarized gaussian-like modes sep-
arated by 3.2 mm.
The positions of photons at the calcite surface are
mapped onto the 6.5µm × 6.5µm pixel size sCMOS sen-
sor with a magnification of M = 1.1 in horizontal di-
rection. We placed a cylindrical lens (CL) f = 30 mm
in front of the detector to reduce the vertical size of the
image, thus significantly decreasing the frame readout
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Figure 3. (Multimedia online) The 20 frames excerpts
from the movie, presenting the image of the rear surface
of the calcite beam displacer. For a better visualization
we display only the area corresponding to the area of
output modes H and V. (a) Distinguishable photons do
not interfere and exit output ports in each configura-
tion: HH, VV and HV. (b) Hong-Ou-Mandel interference
of indistinguishable photons clearly manifests itself as
nearly perfect two-photon coalescence visible as group-
ing of photons in pairs in HH or VV configurations in all
but one of the presented frames. (LINK to the movie)
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Figure 4. Recovery of the HOM-dip from the coinci-
dences between ports CHV measured by means of a cam-
era system along with photon pairs detected at single
output ports CHH , CV V . Inset: the analogous result CHV
obtained using the avalanche photo diodes setup.
time. We collect the data from a 700 px × 22 px stripe
with a frame rate of 7 kHz using approximately 9× 104
microchannels of the image intensifier, each acting as a
binary single-photon detector. During the experiment we
noticed that the photoelectron multiplication can trigger
another avalanche in the neighboring channel hence we
had to reject the events where the distance between pho-
tons including both directions were smaller than twelve
pixels of sCMOS detectors.
In the experiment we set the polarization angle of or-
thogonally polarized photon pair to 45◦ with respect to
the basis defined by the calcite beam displacer, which
then acts effectively as a balanced beam-splitter. Ideally
it leads to the perfect HOM interference where outgoing
photons coalesce upon leaving the displacer together in
one of the two available output modes [11]. This effect
has usually been observed indirectly on area-integrating
detectors as a decrease in the number of coincidence
events between the two different output ports [18].
Here, thanks to the high resolution of our detection
system, we are able to spatially resolve two coalesced
photons within the transversal mode they occupy. It has
been presented in the recorded movie, which is included
in the supplementary material (LINK to the movie),
and in Fig. 3 we present its exemplary frames. At first
in Fig. 3(a) we present the situation where photons
are temporarily distinguishable and they appear in out-
put modes H and V in each possible configuration. In
Fig. 3(b) we set the delay line so as to remove tempo-
ral distinguishability and the HOM interference occurs.
In all but one of the presented frames the photons were
detected in the same output port exhibiting excellent
two-photon coalescence and we clearly see that photon
pairs randomly appear in separated positions within the
mode area. Even in such a small excerpt presented in
Fig. 3(b) we observe that the number of coincidence is
uniformly distributed between two regions, which also
agrees with theoretical predictions.
We perform a final verification of the visibility of
recorded two-photon interference by a full recovery of the
HOM dip. Remarkably for such a measurement we can
also employ our detection system and exploit its photon-
number-resolving capability to directly count the photon
pairs at each output port of the calcite beam displacer.
We measure the total number of two-photon events in-
side either of the two output ports CV V , CHH along with
registering a single photon in each region CHV , with
respect to the delay line position, as shown in Fig. 4.
We achieved a visibility of HOM interference as high
as 96.3 ± 1.1% , which is comparable to the state of
the art for the sources based on the bulk PPKTP crys-
tals [19]. The results are in excellent agreement with the
independent measurement performed using a standard
avalanche photodiodes setup, see Fig. 4(inset), which
yielded 96.6 ± 0.2%. Furthermore, the photon coales-
cence effect can be clearly recognized from the number
of CHH , CV V events with respect to the delay line shift.
The total number of counts reflects the theory, which
predicts CHH = CV V = 12CHV for distinguishable pho-
tons (outside the dip) and CHV = 0, CHH = CV V for
perfectly indistinguishable photons (inside the dip) [12].
Differences between CHH and CV V can be explained
by unequal transmission through the uncoated calcite
crystal. The explicit measurement of the photon coa-
lescence i.e. CV V, CHH has been performed so far us-
ing ultra-low-temperature transition-edge superconduct-
ing detectors [12].
The coordinates of detected photons can be straight-
forwardly utilized to retrieve the spatial modes which
they occupy. The problem of measuring a single pho-
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Figure 5. Proof-of-principle demonstration of the coinci-
dence imaging of single photons modes without bucket
detectors, where (a) both photons from each detected
pair, initially orthogonally polarized HV and displaced
into two independent modes, herald each other. (b) Their
positions are converted in real time into plain coordinate
data which are then (c) accumulated into a histogram of
approximately 5000 coincidence events revealing spatial
mode structure of detected photons.
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ton transversal mode reoccurs in numerous experiments
and it is commonly tackled with the coincidence imag-
ing schemes where raw ICCD images, conditioned on
a heralding photon detected by a bucket detector, are
simply averaged out [3] or alternatively with knife-edge
methods [20]. Here we propose and demonstrate the ex-
tended coincidence imaging scheme which avoids the ex-
ternal bucket detector and offers substantially higher res-
olution complemented with lower noise per detected pho-
ton.
In particular, we measure two spatial modes of or-
thogonally polarized photons by adjusting their polar-
izations to the calcite beam displacer basis. For this
setting the detection of photon in port H heralds the
photon in port V and vice versa, as seen in Fig. 5(a),
thus each of detected photon can be associated with
one of the spatial modes it occupies. We take into ac-
count the coordinates of their central positions, shown in
Fig. 5(b), ascribing equal weight to each of the registered
detection events. The two-dimensional histogram of po-
sitions of the 5100 detected pairs of photons, presented
in Fig. 5(c), clearly reveals the structure of the modes.
The resolution of the image is well below the image in-
tensifier flash size whereas the shot noise of the number
of counts at each histogram bin mitigates the thermal
noise of the raw image intensifier response present in a
traditional coincidence imaging scheme. Although for the
proof-of-principle purposes we stick to simple gaussian-
like modes, the presented scheme can be readily applied
to more complex spatial modes, including the frequently
used OAM basis [3].
In conclusion we presented a spatially resolved obser-
vation of the HOM interference complemented by full
recovery of HOM dip along with direct observation of
photon pairs at a single output port. All results were
obtained with application of intensified sCMOS camera
system to the detection of light at the truly single-photon
level. High visibility of the measured two-photon inter-
ference is evidence for a high signal-to-noise ratio of our
system, which is indispensable for the majority of quan-
tum imaging applications. We also proposed an extended
version of a coincidence imaging scheme based on spa-
tially resolved detection of two mutually heralding pho-
tons and performed its proof-of-principle demonstration.
We believe that our work and presented concepts are
valuable steps towards the exploration of spatial correla-
tion exhibited by non-classical light generated in pho-
tonic [2] and atomic systems [21], building quantum-
enhanced super-resolution imaging systems [16], as well
as easier characterization of the single-photon spatial
mode structure [20]. We anticipate that intensified cam-
eras, besides the cryogenic nanowires [22], are among the
most promising technologies for high spatial resolution
detection of single- and multi-photon events due to their
low noise, high filling factor and short gating time. Fur-
ther technical progress involving the time-stamp func-
tionality [23], increase in quantum efficiency and direct
electronic readout of the charge from the microchannel
plate would make this technique even more powerful.
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